The avian hippocampus plays a pivotal role in memory required for spatial navigation and food storing. Here we have examined synaptic transmission and plasticity within the hippocampal formation of the domestic chicken using an in vitro slice preparation. With the use of sharp microelectrodes we have shown that excitatory synaptic inputs in this structure are glutamatergic and activate both NMDA-and AMPA-type receptors on the postsynaptic membrane. In response to tetanic stimulation, the EPSP displayed a robust long-term potentiation (LTP) lasting Ͼ1 hr. This LTP was unaffected by blockade of NMDA receptors or chelation of postsynaptic calcium. Application of forskolin increased the EPSP and reduced paired-pulse facilitation (PPF), indicating an increase in release probability. In contrast, LTP was not associated with a change in the PPF ratio. Induction of LTP did not occlude the effects of forskolin. Thus, in contrast to NMDA receptor-independent LTP in the mammalian brain, LTP in the chicken hippocampus is not attributable to a change in the probability of transmitter release and does not require activation of adenylyl cyclase. These findings indicate that a novel form of synaptic plasticity might underlie learning in the avian hippocampus.
Activity-dependent changes in synaptic transmission are thought to be the cellular correlates of learning and memory in the CNS (Hebb, 1949; Squire, 1987) . In the mammalian brain, the hippocampus plays a f undamental role in some forms of learning, and several forms of synaptic plasticity have been described at excitatory synapses within this structure (Malenka, 1994) . The most intensively studied and best understood form of plasticity in the hippocampus is long-term potentiation (LTP), of which two distinct types exist at synapses in the mammalian hippocampus (Bliss and Collingridge, 1993; Nicoll and Malenka, 1995) . The induction of LTP in area CA1 demonstrates a dependence on NMDA receptor activation and a subsequent rise in postsynaptic calcium. By contrast, LTP at the mossy fiber/CA3 synapse is attributable to activation of presynaptic adenylyl cyclase, and its induction is NMDA receptor independent (Nicoll and Malenka, 1995) .
Neuroethological studies have shown that the avian hippocampus plays a pivotal role in particular types of learning (Sherry et al., 1992; C layton and Krebs, 1995) . The volume of the hippocampus is relatively larger in food-storing than in nonfood-storing birds (Krebs et al., 1989; Hampton et al., 1995) , and the development of food storing is correlated with growth of the hippocampus (Barnea, 1994; C layton, 1995) . Retrieval of stored food is adversely affected by lesions of the hippocampus (Patel et al., 1997) . Homing performance of pigeons is significantly reduced by hippocampal lesion (Bingman and Yates, 1992) , as is their performance on a sun compass-based spatial learning task (Bingman and Jones, 1994) . In addition, the chicken hippocampus has also been implicated in recall of a passive avoidance task (Sandi et al., 1992) . Thus, like its mammalian counterpart, the avian hippocampal formation is a key neuroanatomical structure involved in spatial and perhaps other types of memories.
Behavioral studies have suggested a functional similarity between the mammalian and avian hippocampus (Bingman et al., 1989; Krebs et al., 1989 , and immunohistochemical studies reveal an abundance of homologous transmitters and related substances Krebs et al., 1991; Veeman et al., 1994) . However, some disagreement still remains concerning the degree of homology of the hippocampal formation between the two classes (Ramon y Cajal, 1911; Mollà et al., 1986) . Because much about the physiology of synapses and the mechanisms underlying neuronal plasticity within this structure in the avian brain is still unknown (Wieraszko and Ball, 1993) , an important question to ask is whether synapses within the avian hippocampus display forms of plasticity, such as LTP. In this study, using intracellular recording techniques in an in vitro slice preparation, we have investigated the mechanisms underlying LTP at synapses within the hippocampal formation of the adult domestic chicken.
MATERIALS AND METHODS
Preparation. Adult chickens (older than 10 weeks of age) were anesthetized with intraperitoneal pentobarbitone and decapitated, and the brain was removed rapidly and immersed in ice-cold Ringer's solution. All experimental procedures were in accordance with the guidelines of the University of Newcastle Animal Ethics and C are Committee. Coronal sections 400 m thick containing the hippocampus were cut on a vibratome [corresponding approximately to plates A 6.0 to A 8.6 of Kuenzel and Masson (1988) ]. Slices were allowed to equilibrate in Ringer's solution at room temperature or 32°C for at least 1 hr, after which single slices were transferred to a recording chamber. Slices were immobilized with a flattened piece of platinum wire (outer diameter 0.5 mm) across which stretched a "laddered" nylon stocking glued with cyanoacrylic glue. Slices were superf used with a Ringer's solution containing (in mM): 119 NaC l, 2.5 KC l, 1.3 MgC l 2 , 4.5 CaCl 2 , 1.0 Na 2 PO 4 , 26.2 NaH 2 CO 3 , 10 glucose, equilibrated with 95% O 2 /5% C O 2 to maintain a pH of 7.4. The zero C a 2ϩ Ringer's solution contained no calcium, 200 M EGTA, and 6.5 mM MgC l 2 .
Electrophysiolog y. Intracellular recordings were made with sharp microelectrodes that had resistances of 50 -120 M⍀ when filled with 1 or 3 M KC l, 1 M CsCl, or 1 M K MeSO 4 , pH 7.4. Microelectrodes were fabricated on a Flaming-Brown microelectrode puller (P-87). Signals were amplified using an Axoclamp2A amplifier (Axon Instruments, Foster C ity, CA), filtered at 1 kHz, and digitized at 5 kHz using software (Neurosense) written under LabView for Windows (National Instruments). Input resistance was monitored continuously throughout each experiment. In experiments in which LTP was studied, electrodes were filled with KC l because they were found to be more stable. To measure the slope of the EPSP, two cursors were placed at the initial rising phase of the EPSP, and the slope between these two cursors was calculated. As with KC l-filled electrodes, GABA A -mediated inhibitory potentials were reversed, picrotoxin (25 M) was added to block them. When we tested for the presence of NMDA receptor-mediated EPSPs, electrodes were filled with C sC l to reduce outward currents and facilitate membrane depolarization. Only cells with membrane potentials more negative than Ϫ50 mV were included in this study. For loading cells with 1,2 bis(oaminophenoxy)-ethane-N,N,NЈ,NЈ-tetra-acetic acid (BAP TA), electrode tips were filled with 200 mM BAPTA in 1 M KC l and 10 mM H EPES, pH 7.4, with KOH. Bipolar, stainless steel stimulation electrodes (Fredrick Haer) were insulated except at their tips and placed superior and inferior to the recording electrode (see Fig. 1 A) . Afferent fibers were stimulated using a constant current stimulator (Axon Instruments). Stimuli typically were 0.5-2.0 mA and 20 -40 sec in duration. For baseline measurements, afferent fibers were stimulated at 0.1 Hz. LTP was generated by activating the fibers at 100 Hz for 1 sec, repeated twice with an interval Figure 1 . Tissue preparation and cell types in the chicken hippocampus. A, Schematic diagram of a coronal slice of chicken brain illustrating the location of the hippocampus and the position of stimulating and recording electrodes. Stimulating electrodes were placed superior (Stim 1) and inferior (Stim 2) to the recording electrode, which was placed in the middle third of the hippocampal formation. B, C amera lucida drawing of a typical spiny cell, from which recordings were made. Scale bar, 100 m. C, High-power view of a dendritic segment from the cell illustrated in B. Note the dendritic spines that are evident along the entire length of dendrite. Scale bar, 10 m. of 20 sec. Under control conditions, LTP was observed in 26 of 31 cells in which it was attempted (84%). During 1 year of experiments, there was a period of 2 months during which LTP was seen in only 1 of 21 cells in which it was attempted. These cells have not been included in our analysis.
For intracellular staining, electrode tips were loaded with biocytin (4% in 1 M KCl in 10 mM H EPES buffer, pH 7.4) by capillary action and then backfilled with 1 M KC l. All experiments were performed at room temperature. Sweep data shown are averages of 5-10 individual traces. All values are expressed as mean Ϯ SEM, and levels of statistical significance were determined by paired Student's t test.
Drugs used were 6-cyano-7-nitroquinoxaline-2,3-dione (C NQX), bicuculline methiodide (Tocris Neuramin), 1,9-dideoxyforskolin, 2-amino-5-phosphonovalerate (D-APV) (RBI Research Chemicals), forskolin, biocytin (Sigma), and BAP TA (Molecular Probes, Eugene, OR). Stock solutions of 1,9-dideoxyforskolin and forskolin were made up in dimethyl sulfoxide.
Histolog y. After the experiment, slices were fixed in 4% paraformaldehyde overnight. They were then permeabilized in 0.5% Triton X-100 and incubated overnight in avidin -horseradish peroxidase (ABC -Elite, Vectastain), washed again, and visualized using 3,3Ј-diaminobenzidine as a chromogen with nickel /cobalt intensification. Sections were then dehydrated in ethanol, cleared in xylene, and coverslipped. Labeled cells were visualized at a final magnification of 400ϫ and reconstructed with the aid of a camera lucida drawing tube.
RESULTS
Intracellular recordings were made from neurons in the middle third of the hippocampus in coronal brain slices maintained in vitro ( Fig. 1 A, hatched reg ion) . We filled and recovered 22 neurons. Of these, 18 of 22 were spiny, long-axon multipolar neurons ( Fig. 1 B,C ), three were short-axon multipolar neurons, and one was a horizontal neuron, according to the classification of Mollà et al. (1986) . The average resting potential was Ϫ59 Ϯ 1 mV (n ϭ 30).
Characterization of synaptic inputs
In cells impaled with electrodes filled with K MeSO 4 , electrical stimulation of nearby afferents evoked an EPSP, followed by an I PSP (Fig. 2 A) (n ϭ 8). I PSP was blocked completely and reversibly by application of bicuculline (10 M; n ϭ 7) (Fig. 2 A) or picrotoxin (25-100 M; n ϭ 3), indicating that it was mediated by GABA A receptors. When inhibition was blocked, the EPSP was graded in amplitude and was blocked by application of calcium channel blockers, such as cadmium (100 M; n ϭ 2) or nickel (1 mM; n ϭ 3), or by the sodium channel blocker tetrodotoxin (1 M; n ϭ 3), confirming that it was a synaptic potential. Application of the nonspecific glutamate antagonist kynurenic acid (1-2 mM; n ϭ 4) or the AM PAkainate receptor antagonist C NQX (10 M; n ϭ 7) (Fig. 2 B) completely abolished the EPSP. Depolarization of the cell in the presence of C NQX revealed a slower EPSP, which was blocked by the NMDA receptor antagonist 2-amino-5-phosphonovalerate D-APV (30 M; n ϭ 5) (Fig. 2C ). All antagonists were f ully effective within 10 min of application Figure 2 . Synaptic transmission in the avian hippocampus. A shows a typical response to synaptic stimulation in a cell in which the recording electrode contained KMeSO 4 . An EPSP is followed by a slower I PSP. Bath application of the GABA A receptor antagonist bicuculline (10 M) blocked the IPSP and revealed the EPSP; this effect was f ully reversible after 30 min of washout. Resting membrane potential was Ϫ70 mV, and the cell was depolarized to Ϫ40 mV by current injection to reveal the I PSP. B, When inhibitory transmission was blocked with bicuculline (10 M), stimulation of afferent fibers generated an EPSP that was reversibly abolished by the AM PA-kainate receptor antagonist C NQX (10 M). C, Depolarization of the cell in the presence of CNQX revealed a slower EPSP, which was blocked by the NMDA receptor antagonist D-APV (30 M). The NMDA receptor-mediated EPSP could be recovered after washout of APV. Note that the NMDA receptor-mediated EPSP is reversed because the cell was depolarized beyond the reversal potential for NMDA. but were only slowly (Ͼ30 min) reversible. These results show that the main excitatory transmitter at synapses in the avian hippocampus is glutamate and both AM PA and NMDA types of glutamate receptors are active in the postsynaptic membrane.
LTP of synaptic transmission in the chicken hippocampus
Tetanic stimulation of afferent fibers (2 ϫ 100 Hz, 1 sec, separated by 20 sec) caused an immediate and long-lasting potentiation of the initial slope of the EPSP (Fig. 3A) . This increase in the initial slope was maintained for the duration of the recording (up to 60 min). The average potentiated response 60 min after tetanus was 215 Ϯ 26% (n ϭ 8) of the baseline response (Fig. 3B) and was abolished by application of C NQX (n ϭ 3), indicating that it was entirely attributable to an increase in glutamatergic transmission. To test whether the increase in synaptic strength was restricted to the stimulated synapses, two separate inputs were activated. The independence of the two inputs was tested by checking that the response to stimulation of the second input did not show facilitation when delivered shortly after stimulation of the first input. After obtaining a stable baseline at both inputs, a tetanus was delivered to one of the inputs. Only the input that was tetanized displayed LTP (n ϭ 6) (Fig. 3C) , showing that LTP is synapse specific (Andersen et al., 1977) , as in the mammalian hippocampus.
Because both AM PA and NMDA receptors are active at these synapses, we next asked whether induction of LTP required the activation of NMDA receptors. Application of the NMDA receptor antagonist D-APV (2 ϫ 25 M, 4 ϫ 50 M, and 2 ϫ 100 M applied 20 -50 min before tetanus) had no effect on the induction or maintenance of LTP (Fig. 4 A) . The average potentiated response in the presence of D-APV 30 min after tetanus (236 Ϯ 49%; n ϭ 8) was not significantly different ( p Ͼ 0.05) from the values for untreated slices (246 Ϯ 46%; n ϭ 8) (Fig. 4 B) .
Although NMDA receptors are not involved in the induction of LTP, a rise in postsynaptic calcium may still be necessary. To test for a possible role of postsynaptic Ca 2ϩ in the induction of LTP, we loaded the postsynaptic cell with the calcium chelator BAPTA for 20 -40 min before delivery of the tetanus. The resting membrane potential in neurons loaded with BAPTA was Ϫ62 Ϯ 4 mV (n ϭ 7). We noted that action potentials were broader in the BAPTA-loaded neurons than in control cells (data not shown), confirming that BAPTA had diffused out of the microelectrode (Lancaster and Nicoll, 1987) . Postsynaptic BAPTA failed to prevent induction of LTP (Fig. 5A) . The average potentiated 1 and 2) are illustrated below. B, Group data from nine cells. Average LTP was 215 Ϯ 26% of baseline, 60 min after the tetanus. C, LTP is input specific. Shown is ensemble data (n ϭ 6) in which two independent inputs (S1 and S2) were alternately stimulated and a tetanus was delivered to S1 at 20 min. S1 showed a robust LTP, whereas S2 was unaffected.
response in the BAP TA-loaded neurons 30 min after tetanus (261 Ϯ 72%; n ϭ 8) was not significantly different ( p Ͼ 0.05) from controls (Fig. 5B) . These results indicate that a rise in postsynaptic calcium is not important in triggering LTP at synapses in the chicken hippocampus.
LTP requires Ca
2؉ entry into the presynaptic terminal
Because LTP was not affected by postsynaptic injection of BAP TA, we next investigated whether calcium was required at all for LTP in the avian hippocampus. After a stable baseline was obtained, extracellular calcium was removed, leading to a rapid block of synaptic transmission (Fig. 6 ). An LTP-inducing stimulus was then delivered to the afferent fibers (n ϭ 4). After extracellular calcium was restored to control levels, the EPSP was restored to its original amplitude, indicating that no LTP had been generated. A subsequent tetanus delivered in the presence of extracellular calcium was able to induce LTP. These data imply that Ca 2ϩ entry into the presynaptic terminal is essential for LTP induction.
Activation of adenylyl cyclase potentiates synaptic transmission
NMDA receptor-independent forms of synaptic plasticity have been described at a number of synapses in mammalian and invertebrate nervous systems (see Discussion). The one common feature of plasticity at these different synapses is activation of a presynaptic adenylyl cyclase, which leads to an increase in the probability of transmitter release. Therefore, we next examined whether activation of adenylyl cyclase might similarly potentiate synaptic transmission in the avian hippocampus.
Bath application of forskolin (1-25 M), an activator of adenylyl cyclase (Laurenza et al., 1989) , induced a large potentiation of the EPSP (225 Ϯ 46%, 50 min after drug application; n ϭ 5) ( 7A). To determine whether the forskolin-induced potentiation was caused by an increase in release probability, we tested for a change in paired-pulse facilitation (PPF). When a synapse is stimulated twice with a short interpulse interval, the ratio of the response to the second stimulus to that of the first is called the PPF ratio. Manipulations that increase the probability of transmitter release reduce the PPF ratio (Katz and Miledi, 1968; Zucker, 1989; Manabe et al., 1993; Isaacson and Walmsley, 1995) . Paired pulses were applied at an interval of 175 msec. The increase in the EPSP after forskolin application was associated with a clear decrease in the PPF ratio (normalized PPF ratio decreased to 0.65 Ϯ 0.03; p Ͻ 0.001; n ϭ 5) (Fig. 7B) , consistent with a presynaptic action of forskolin. The inactive isomer of forskolin, 1,9-dideoxyforskolin, which mimics many of the nonspecific effects of forskolin, but does not activate adenylyl cyclase (Laurenza et al., 1989) , had no effect on the EPSP when applied at a concentration of 25-50 M (n ϭ 3) (Fig. 7C ). This result is consistent with forskolin acting through the cAM P pathway to potentiate synaptic transmission via a presynaptic mechanism.
LTP is not associated with a change in PPF
If tetanic stimulation recruits the same biochemical pathways as those activated by forskolin, we would expect LTP to also be associated with a reduction in the PPF ratio (Z alutsky and Nicoll, 1990; Weisskopf et al., 1994) . The results from seven cells in which we simultaneously measured LTP and the PPF ratio are shown in Figure 8 . After an LTP inducing tetanus, the PPF ratio decreased during post-tetanic potentiation, as expected (Zucker, 1989) , but then returned to baseline levels. The PPF ratio mea- Figure 7 . Application of forskolin potentiates synaptic transmission by a presynaptic mechanism. A, The normalized initial slope of the EPSP (n ϭ 5) is plotted against time. After a stable baseline was obtained, a 10 min application of forskolin (FSK ) (1-25 M) at the times indicated by the bar produced a large sustained increase (225 Ϯ 46%) in the EPSP slope. B, The PPF ratio was significantly reduced during the forskolin-induced potentiation. Synapses were stimulated twice, with an interpulse interval of 175 msec. The ratio of the slope of the second EPSP to that of the first (the PPF ratio) has been normalized and plotted. Average traces taken at the times indicated in A are shown below. C, Di-deoxyforskolin (dd FSK ) (25-50 M) applied for 10 min during the period indicated by the bar had no effect on the EPSP. A subsequent application of FSK produced a robust potentiation (n ϭ 3). sured during LTP (0.98 Ϯ 0.04, taken at 20 min) was not significantly different ( p Ͼ 0.05) from that measured during the baseline period (Fig. 8 B) . This result indicates that LTP in the chicken hippocampus is unlikely to result from a change in release probability. However, it remains possible that because the absolute enhancement of the EPSP by forskolin was larger than that associated with LTP, we were unable to detect a small change in the PPF during LTP, when the increment in release probability was less.
To examine this question, we manipulated release probability by altering the extracellular C a 2ϩ /Mg 2ϩ ratio (Katz and Miledi, 1968; Manabe et al., 1993) to increase the EPSP to a similar level as that observed during LTP (Fig. 9A) . Changing the Ca 2ϩ /Mg 2ϩ ratio from 0.5 C a 2ϩ /6 Mg 2ϩ to 2.5 C a 2ϩ /4 Mg 2ϩ increased the initial slope of the EPSP by 236 Ϯ 9% (Fig. 9B 1 ) and was associated with a clear decrease in the PPF ratio (0.69 Ϯ .05; n ϭ 4) (Fig. 9B 2 ) . This result demonstrates that if the PPF ratio had changed during LTP we would have detected it. Thus, forskolin and tetanic stimulation must engage distinct second messenger cascades with different final targets. Consistent with this idea, previous induction of LTP had no effect on the potentiation produced by forskolin (Fig. 9C) .
DISCUSSION
In this study we have examined some properties of excitatory synaptic transmission in the chicken hippocampus. Our results show that although transmission in this structure shares many features with those in its mammalian counterpart, there are also some distinct differences.
At least six different cell types have been identified within the chicken hippocampus by Golgi staining techniques (Ramon y Cajal, 1911; Mollà et al., 1986) . The large, spiny neurons filled with biocytin and recovered in this study are likely to be the long-axon, spiny cells described by Mollà et al. (1986) . Afferent fibers, which are a mixture of cortical afferents and local axons, course through the hippocampal formation. Stimulation of these fibers evoked a glutamatergic EPSP followed by a GABAergic IPSP. Both GABA A receptors (Veeman et al., 1994) and GADimmunoreactive fibers have been demonstrated in the avian hippocampus, suggesting that local circuitry similar to that seen in the mammalian hippocampus (e.g., Buhl et al., 1994) may also be present in the avian homolog.
Stimulation of afferent fibers activated both AMPA-kainate and NMDA receptors in the postsynaptic membrane. These receptors are thought to be colocalized in the postsynaptic membrane in the mammalian hippocampus (Bekkers and Stevens, 1989 ). It will be of interest to see whether a similar situation holds in the avian system. Tetanic stimulation of excitatory inputs led to an immediate and sustained enhancement of the EPSP. This LTP was homosynaptic, and its induction was not dependent on activation of NMDA receptors. In support of this, a previous study utilizing field recordings in the pigeon hippocampus also reported that LTP was not blocked by the NMDA receptor antagonist D-APV (Wieraszko and Ball, 1991) . In our study, injection of the calcium chelator BAPTA into the postsynaptic cell also failed to prevent the induction of LTP, indicating that a rise in postsynaptic calcium may also be unnecessary for LTP induction. As in other studies examining the role of postsynaptic calcium (e.g., Lynch et al., 1983) , we loaded BAPTA via sharp microelectrodes. Because action potentials in BAPTA-loaded cells were broader, we are confident that BAPTA had reached regions of the cell involved in spike generation; however, we cannot be certain of the concentration of BAPTA reached at the subsynaptic membrane. If postsynaptic calcium was not buffered effectively, then it remains possible that the induction of LTP may require influx of calcium into the postsynaptic cell.
In the mammalian hippocampus, two distinct types of LTP have been described (Bliss and Collingridge, 1993; Nicoll and Malenka, 1995) . One form, best studied at synapses made by the Schaffer collaterals onto CA1 pyramidal neurons, requires the activation of postsynaptic NMDA receptors. The subsequent rise in postsynaptic calcium is necessary for the induction of LTP at these synapses. The locus of expression of this form of LTP is not yet resolved, but both presynaptic and postsynaptic mechanisms have been implicated ((Bliss and Collingridge, 1993; Nicoll and Malenka, 1994) . A second type of LTP is present at synapses made by the mossy fibers onto CA3 pyramidal neurons (Harris and Cotman, 1986; Zalutsky and Nicoll, 1990) . Induction of LTP at these synapses does not require NMDA receptor activation or Figure 8 . Long-term potentiation is not associated with a change in paired pulse facilitation. The average normalized initial slope of the EPSP is plotted against time for seven cells. The normalized PPF ratio is plotted in B. Tetanic stimulation (2 ϫ 100 Hz, 1 sec) was delivered at time 0. After the tetanus the PPF ratio was transiently reduced during post-tetanic potentiation but then returned to baseline levels. Average traces taken at the times indicated in A are shown at the bottom. a change in postsynaptic calcium; both the induction and expression of this form of LTP appear to be presynaptic (Zalutsky and Nicoll, 1990; Huang et al., 1994; Weisskopf et al., 1994) .
Synaptic plasticity that is independent of NMDA receptors and postsynaptic calcium has also been described at synapses in the mammalian cerebellum (Salin et al., 1996) and autonomic nervous system (Briggs and McAfee,1988) , at the crustacean neuromuscular junction (Wojtowicz and Atwood, 1988; Dixon and Atwood, 1989) , and in the abdominal ganglion of Aplysia (Goelet et al., 1986) . The one common feature of plasticity at these different synapses is an essential role for adenylyl cyclase: in each case, activation of presynaptic adenylyl cyclase leads to an increase in the probability of transmitter release.
In the chicken hippocampus, application of forskolin, an activator of adenylyl cyclase, potentiated excitatory synaptic transmission. As shown at other synapses (e.g., Weisskopf et al., 1994) , this increase in the EPSP was attributable to a presynaptic action because it was associated with a clear decrease in the PPF ratio. In contrast, LTP was not associated with a change in PPF and did not occlude the effect of forskolin. These results indicate that the increase in the EPSP during LTP is unlikely to be caused by a change in the probability of transmitter release. Furthermore, LTP in this system is unlikely to engage the cAM P pathway. It should be noted, however, that the locus of LTP could still be presynaptic, resulting for example from an increase in the number of release sites or a change in the amount of transmitter released per vesicle.
What then is the trigger for LTP in the avian hippocampus? Our data do not allow us to determine whether the induction of LTP resides in the pre-or postsynaptic cell. Although changes in postsynaptic calcium do not appear to be important, calcium entry into the presynaptic terminal(s) was necessary for the induction of LTP. This calcium entry may simply be necessary for transmitter release, or it may itself provide the trigger for LTP, as at mossy fiber terminals in the mammalian system. Several proteins present in the presynaptic terminal are potential targets for calcium. Among the most abundant of these is calcium/calmodulindependent protein kinase II (CaMPK-II). It has been suggested that activation of CaMPK-II regulates potentiation in a stimulus frequency-dependent manner at the MF/CA3 synapse (Salin et al., 1996) . CaMPK-II is also present in presynaptic terminals in the avian forebrain (Weinberger and Rostas, 1988) , raising the possibility that this may be a target for calcium during tetanic stimulation. It should be noted, however, that because we have introduced BAPTA via a sharp microelectrode, if the BAPTA concentration in the postsynaptic cell was ineffective in com- Raising extracellular calcium concentration increased the EPSP and was associated with a clear decrease in the PPF ratio. The horizontal lines denote the relative size of the second pulse under high C a 2ϩ conditions. B 1 , The level of potentiation induced by various experimental manipulations: elevation of extracellular calcium (n ϭ 4), forskolin (n ϭ 5), P TP (measured 2 min after tetanus; n ϭ 11), and LTP (measured 20 min after tetanus; n ϭ 7). The corresponding change in PPF ratio is shown in B 2 . C, LTP did not occlude the effect of forskolin. In two cells, LTP was induced at time 0; after 30 min the stimulus strength was reduced (asterisk) and forskolin was applied ( filled circles). Forskolin caused a potentiation of 325 Ϯ 48%, which was not different from the effect of forskolin under control conditions (open circles). We noted in these cells that there was no change in the PPF ratio during LTP; however, a clear change in the PPF ratio was seen after application of forskolin. pletely buffering postsynaptic calcium, then the blockade of LTP in low calcium could be interpreted as being caused by a reduction of calcium influx into the postsynaptic cell.
On the basis of results from behavioral studies, and the similarity in neurotransmitter and peptides in the two structures, a functional similarity has been suggested between the mammalian and avian hippocampus. The mammalian hippocampus has well defined anatomical landmarks, and cell layers are clearly seen in slices. No cell layers were evident in slices of chicken hippocampus; the area that we have recorded from has been suggested to be homologous to the dentate gyrus of the mammalian hippocampus (Showers, 1982; Erichsen et al., 1991) . In the cell layer of the dentate gyrus in mammals, neurons are spiny, with a somewhat sparse apical dendritic tree but few or no basal dendrites (Claiborne et al., 1990) . In contrast, the cells we have recorded from are spiny, with rather symmetrical, bushy dendritic trees (as seen in coronal sections) (Fig. 1) . Our observation that glutamatergic afferents activate both NMDA and non-NMDA receptors is similar to observations of synapses in the dentate gyrus (Colino and Malenka, 1993) ; however, NMDA receptor-independent LTP has been demonstrated primarily at synapses between the mossy fibers and CA3 pyramidal neurons in the mammalian hippocampus (Nicoll and Malenka, 1995) . Although Timms stain does suggest the presence of heav y metals in the chicken hippocampus (Faber et al., 1989) , the presence of a fiber system similar to the mossy fibers in the avian hippocampus has been disputed . Taken together, these results point to similarities and differences between the mammalian and avian equivalents. Our physiological data indicate that the glutamatergic synapses in the region we are recording from share features with neurons in the mammalian dentate as well as regions CA1 and CA3. C lear demarcation of anatomical boundaries similar to that seen in the mammalian hippocampus remains to be determined.
Lesions of the hippocampus in birds have shown that various learning tasks are dependent on this structure (Clayton and Krebs, 1995) . In the mammalian hippocampus, in which NMDA receptor-dependent LTP is predominant, disruption of NMDA receptors by pharmacological or genetic interventions blocks behavioral tasks thought to involve LTP (Tonegawa, 1995) . In the avian system, we have shown that LTP does not require activation of NMDA receptors. It will be interesting, therefore, to examine the role of hippocampal NMDA receptor f unction in spatial learning in birds.
In conclusion, we have shown that the synapses in the chicken hippocampus, like their mammalian counterparts, display LTP. This LTP does not require activation of NMDA receptors, is independent of adenylyl cyclase, and is not associated with a reduction in PPF. These findings indicate that a novel form of synaptic plasticity may underlie learning in the avian hippocampus.
